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Abstract
Germanium self-assembled nanoislands and
quantum dots are very prospective for CMOS-
compatible optoelectronic integrated circuits
but their luminescence intensity is still insuffi-
cient for many practical applications. Here, we
demonstrate experimentally that photolumi-
nescence of Ge nanoislands in silicon photonic
crystal slab with hexagonal lattice can be dra-
matically enhanced due to the involvement in
the emission process of the bounds states in the
continuum. We experimentally demonstrate
more than two orders of magnitude peak photo-
luminescence enhancement and more than one
order of magnitude integrated PL enhancement
in a photonic crystal slab compared with the
non-structured sample area. We theoretically
study this effect by the Fourier modal method
in the scattering matrix form and demonstrate
the appearance of quasi-normal guided modes
in our photonic crystal slab. We also describe
their symmetry in terms of group theory. Our
work paves the way towards a new class of opto-
electronic components compatible with silicon
technology.
Abbreviations
BIC — bound state in the continuum
DPL — directional photoluminescence
FMM — Fourier modal method
FW BIC — Friedrich-Wintgen bound state in
the continuum
µPL — microphotoluminescence
PCS — photonic crystal slab
PL — photoluminescence
SP BIC — symmetry protected bound state in
the continuum
TE — transverse electric
TM — transverse magnetic
Keywords
bound state in the continuum, germanium self-
assembled quantum dot, photoluminescence en-
hancement, photonic crystal slab
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Introduction
Silicon technology is the base of modern na-
noelectronics. In spite of active search of an
alternative platform like plasmonics, polariton-
ics, graphene electronics, etc., it is hard to
imagine that some of them can replace silicon
technology in the nearest future. One of the
main challenges of silicon photonics is a lack
of effective light sources that can be incorpo-
rated in CMOS-compatible integrated circuits.
A plethora of possible candidates for active me-
dia in silicon photonics was analyzed in detail
for the last four decades.
In particular, much attention was paid to
Er-doped silicon structures giving luminescence
peak around 1.55 µm.1,2 However, due to a
rather long spontaneous transition lifetime and
the limited solid solubility of Er in Si, pho-
toluminescence efficiency is quite low.3–5 An-
other prospective active medium compatible
with silicon technology is n-Ge strained layers
giving luminescence in the telecommunication
spectral range. Application of tensile strain
and/or heavy n-type doping can effectively re-
duce the energy difference between the direct
and indirect transitions in Ge increasing the
probability of radiative recombination.6 Using
heavy doping and low strain lasing in Ge was
demonstrated both under optical7 and electri-
cal8 pumping. However, the thresholds were
unpractically large. Subsequent application of
higher strains allowed to achieve laser action at
much smaller thresholds but at cryogenic tem-
peratures.9–11
Direct-bandgap transitions can be achieved
in GeSn alloys offering a tunable bandstruc-
ture.12–17 Luminescence can be also obtained
from Si itself due to the quantum confinement
spreading out the carrier wavefunction in the
momentum space increasing the probability of
radiative processes. Such a luminescence was
demonstrated in porous Si,18,19 Si nanocrys-
tals,20–24 and Si/Ge quantum wells.25 Light-
emitting A3B5 structures can be integrated to
silicon platform via direct epitaxial growth26–29
or wafer bonding techniques.30–32 In spite of in-
tensive study, none of the named above lumi-
nescence mechanisms found large-scale imple-
mentation in industry.
An alternative CMOS-compatible active
medium is Ge self-assembled nanoislands.
Room-temperature photoluminescence (PL)
is observed in such structures at wavelengths
1.3–1.6µm (0.75–0.95 eV). However, due to the
spatial separation of holes and electrons in Ge
nanoislands,33 their radiative recombination
efficiency is not high enough for practical ap-
plications. There are several approaches for
the increase of this efficiency among which may
be mentioned a vertical arrangement of nanois-
lands in a lattice34 and ion bombarding of
Ge nanoislands.35 Thus, the low-temperature
laser generation was demonstrated in whisper-
ing gallery mode resonators with built-in Ge
nanoislands.35
Photoluminescence from Ge nanoislands can
be enhanced via the Purcell effect in various
resonant photonic structures including Mie res-
onators,36 photonic crystal cavities,37,38 meta-
surfaces,39,40 nanoantennas,39 etc. An impor-
tant advantage of Ge nanoislands is that they
can be precisely positioned at the hotspots
of the mode in photonic structures.41 Pho-
tonic crystal cavities demonstrate extremely
high Q/V values and, thus, high Purcell factor
offering a lot of benefits for compact optical de-
vices with strong light-matter interaction.42,43
From the other side, due to a small active region
of photonic crystal cavities in comparison with
Figure 1: Schematics of the PCS with Ge
nanoislands. Insets show the top and side views
of the PCS and the SEM image of the PCS with
air pores in Si matrix.
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the overall footprint, they are not very promis-
ing for light-emitting applications.
Periodic photonic structures without cavities
can support high-Q states with a mode pro-
file homogeneously spread over the whole pho-
tonic structure. Such states are now called
bound states in the continuum (BICs) and re-
cently they become to attract enormous atten-
tion in photonics.44–49 BICs represent spatially
localized states with vanishing radiation de-
spite their energy embedded in the continuum
spectrum of the environment. Fundamentally,
BICs originate from destructive interference,
when two or more waves superpose to com-
pletely suppress radiative losses.50–53 Therefore,
their radiation lifetime diverges in theory. How-
ever, in practice, due to the finite size of the
sample, roughnesses, and other imperfections,
the radiative Q factor of BIC becomes finite
but extremely large.54–56 BICs were first pre-
dicted in quantum mechanics around a cen-
tury ago57 but in optics, they have been ac-
tively studied over the last decade.58–61 The
close attention paid to BICs is explained by a
variety of their potential applications for res-
onant field enhancement,62,63 lasing,64–66 fil-
tering of light,67,68 biosensing,69–71 enhance-
ment of light-matter interaction,72,73 polariza-
tion control,74,75 and non-linear photonics.76–80
The mechanism resulting in the appearance of
BIC in periodic structures can be exploited to
engineer high-Q states (quasi-BIC) in single res-
onators.81–84
Here, we use the BICs to enhance photolumi-
nescence (PL) from Ge nanoislands grown by
molecular beam epitaxy on silicon-on-insulator
wafer and embedded in photonic crystal slab
(PCS) (Figure 1). We experimentally demon-
strate more than two orders of magnitude peak
photoluminescence enhancement and more
than one order of magnitude integrated PL en-
hancement in a photonic crystal slab compared
with the non-structured sample area.
PL enhancement and quasigu-
ided modes
To study the effect of the PL enhancement
we use the PCS with hexagonal photonic crys-
tal lattice of air pores (Figure 1) formed in
SOI wafer with the thickness of buried oxide
H = 3µm. The thickness of the whole structure
above the buried oxide was h = 300nm, which
included the 60 nm-thick Ge nanoislands lattice
consisting of 5 layers with Ge nanoislands sep-
arated by 15 nm Si spacer layers. Such lattice
was sandwiched between the 75 nm and 165 nm-
thick capping and buffer Si layers, respectively.
The lattice period of a photonic crystal, a, was
varied in the range from 450 to 725 nm, and the
ratio of the pore radius to period was r/a = 0.2
and 0.26. We measure the PL spectra of the
PCSs using two different schemes, namely, the
microphotoluminescence (µPL) and directional
photoluminescence (DPL) schemes. The main
difference between them is the solid angle to
the surface normal from which the PL signal is
Figure 2: Experimental PL spectra for differ-
ent photonic crystal periods measured at room
temperature in DPL scheme. For all spectra
r/a = 0.2.
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detected (see Methods).
Experimental PL spectra measured with DPL
technique (collection angle ±6◦ to the surface
normal) at room temperature for PCS with dif-
ferent periods are shown in Figure 2. One can
see that each PL spectrum from PCS consists
of several resonance peaks. The experimen-
tal peaks have the following features: (i) there
are narrow and wide peaks; (ii) some of the
peaks have a fine structure; (iii) peaks have
a profile which is close to a Laurentian. The
peaks spectral position redshifts with an in-
crease of the lattice period. It is well known
that photonic crystal slabs have such peaks
in their optical spectra of reflection, transmis-
sion, and photoluminescence.85,86 They repre-
sent the quasiguided modes,85 (also known as
quasi-normal guided modes87,88) that appear
due to the grating assisted coupling of waveg-
uide modes with photon continuum of the far
field. To establish the cause of differences in
the peaks, below we study the nature and sym-
metry of the modes of our hexagonal lattice in
detail.
We start from the empty lattice approxima-
tion and plot the resonances of the effective ho-
mogeneous waveguide folded into the first Bril-
louin zone of the hexagonal lattice (Figure 3a).
In the displayed spectral range, one can observe
several families of modes in the Γ-point. They
correspond to the TE1, TM1, and TE2 waveg-
uide modes (blue, red, and green curves, respec-
tively) and the second-order TE mode (green
curve). With the introduction of the pores,
these modes start to interact with each other
which results in splitting and bending of their
dispersion curves. This is illustrated in Fig-
ure 3b, where we present the calculated photon
energy, ~ω, and in-plane wavevector, k‖, the
dependence of the emissivity of a hypothetical
low-contrast (weak) grating where the dielec-
tric permittivity of the substance in pores is
only 20% less than the dielectric permittivity
of the matrix. One can see that in the weak
grating the modes in Γ-point are split, but the
dispersions of quasiguided modes can be de-
scribed roughly in the empty lattice approxima-
tion. The number of the first order quasiguided
modes in the hexagonal photonic crystal lattice
is 12, although not all of them can be distin-
guished in the dispersion diagram in Figure 3b
as some of them are still too close to each other.
One can see in Figure 3b that in the Γ-point
some of the modes are degenerate while out of
the Γ-point the degeneracy is lifted. The group
theory predicts for our C6v symmetric hexag-
onal PCS that in the Γ-point there are dou-
bly degenerate modes (i.e., doublets) and non-
degenerate modes (i.e., singlets). The number
of singlets and doublets is determined by a sym-
metry of the photonic crystal lattice. Here there
are four first-order singlets and four first order
doublets. With the increase of the grating con-
trast, the modes continue to hybridize forming
an even more complicated dispersion diagram
(Figure 3c). However, the number of modes and
their degree of degeneracy in the Γ-point remain
unchanged.
Since all the resonances have a dispersion
with k‖, the resonance peaks, which appear
in the measured PL spectra, inhomogeneously
broaden due to a non-zero numerical aperture
(NA) of the collecting lens. One can reduce the
effect of such aperture by using the lens with
a smaller NA. This can be understood by in-
specting Figure 3c where the green and magenta
lines bound 6◦ and 25◦ light cones from which
the PL light is collected in our DPL and µPL
setups, respectively (see Methods). The cor-
responding experimental PL spectra for PSC
with a = 570nm and r/a = 0.26 are shown
in Figure 3d. One can see from the presented
spectra that the position of the resonance peaks
coincides quite well with the calculated posi-
tion of the modes near the Γ-point in Figure 3c.
When the PL is measured from inside the 25◦
cone, the resonance peak positions are aver-
aged over the wide range of emission angles.
It leads to a stronger integrated PL signal and
broader resonance peaks. The resulting PL in-
tensity of the PCS is enhanced by a factor of
fmax = 140 at ~ω = 932meV (1330 nm) com-
pared to the PL intensity of the non-processed
film. The spectrally integrated enhancement
factor is fint = 13. Whereas the PL spectra
measured from inside the 6◦ cone have a weaker
PL intensity but narrower peaks. Moreover, the
peak positions in the DPL spectra correspond
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Figure 3: (Color online) (a) Dispersion of the quasiguided modes of the PCS in empty lattice
approximation with PCS period a = 570nm. Blue, red, and green colors denote, respectively, TE1,
TM1, and TE2 quasiguided modes. Gray color denotes the region below the vacuum light line. (b–
c) Photon energy and in-plane wavevector dependence of emissivity calculated for weak and strong
gratings with a = 570nm and r/a = 0.26. Green and magenta lines in panel (c) denote the 6◦ and
25◦ light cones from which the PL light is collected in DPL and µPL techniques, respectively. Blue
lines bound the energy range of intrinsic photoluminescence of Ge nanoislands. Maps in panels (b)
and (c) are presented in the logarithmic color scale shown on the right. (d) PL spectra measured
for the PCS with a = 570 nm and r/a = 0.26 using µPL and DPL techniques. Inset in (d) shows
the same spectra on an enlarged scale. The peak µPL enhancement is fmax = 140, integral µPL
enhancement is fint = 13.
more closely to the calculated PCS quasiguided
modes in the Γ-point.
Let us consider the emissivity dispersion dia-
grams near the Γ-point calculated for different
photonic crystal periods, namely a = 525 nm,
a = 600 nm and a = 675 nm (Figures 4a–c).
With an increase of a the first Brillouin zone de-
creases and, as it can be seen from Figures 4a–c,
the spectral position of quasiguided modes red-
shifts. As a result, for different photonic crystal
periods, different modes fall into the Ge nanois-
lands intrinsic emission range, bounded by the
blue lines in Figures 4a–c. This is in agreement
with the experimental spectra shown in Fig-
ure 2 where some of the modes become invis-
ible with an increase of a. Although there is a
quite good match between the energy position
of theoretically calculated modes and experi-
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Figure 4: (a–c) Calculated emissivity near Γ-point at r/a = 0.2 for different photonic crystal
periods. The logarithmic color scale shown on the right. Green lines denote the 6◦ light cone
from which the PL light is collected. Horizontal blue lines bound the energy range of intrinsic
photoluminescence of Ge nanoislands. (d–f) Experimental PL spectra measured in the DPL scheme
for different photonic crystal periods.
mentally measured PL peaks (Figure 4), some
resonances manifest themselves in the measured
PL spectra better than others. This is due to
the fact that some of the resonances have al-
most a flat dispersion within 6 ◦ collecting cone,
for example, the upper E1 mode, while others
have stronger dispersion such as the B1 mode
(the explanation of the formalism of the modes
designation will be given later).
As it has been mentioned above, the PL spec-
tra of different PCSs have resonant peaks of
different widths. This can be seen from the
detailed spectra for PCSs with a = 525nm,
a = 600nm and a = 675nm shown separately
in Figures 4d–f. The experimental Q-factor of
the peaks estimated as Q = λ/∆λ is between
150 and 2200. To explain the difference of Q-
factor in different modes, the symmetry of the
quasiguided modes has to be considered.
Symmetry of modes
The spatial symmetry of the quasiguided modes
plays an important role in their optical re-
sponse. The symmetry is determined by the
type of the photonic crystal lattice and can be
classified in terms of the group theory. To study
the symmetry of the modes in our PCS, we find
the poles of the scattering matrix by solving the
eigenvalue problem (see Section Methods for de-
tails.). In the case of doublets, the solution is
represented by the basis of two eigenfunctions;
any linear combination of these eigenfunctions
is a solution of the eigenvalue problem too.
The spatial distributions of intensity and z-
component of the electric field found from the
output eigenvectors |O〉res are shown in Fig-
ures 5a and 5b for the Γ-point. One can see
that the intensity distributions in singlets are
C6v symmetrical following the symmetry of the
PCS. In the case of doublets, the intensity pro-
file in the eigenmodes cannot be C6v symmet-
rical, however, one can choose a basis of eigen-
functions such that the field intensities in them
have a C6 symmetry as shown in Figure 5a.
The field intensities of two eigenfunctions are
mirror-symmetrical to each other by a vertical
plane, that indicates the degeneracy of these
modes. The Ez distributions in the singlets and
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Figure 5: (a) Electric field intensity and (b) z-projection of electric vector in singlet and doublet
eigenmodes of PCS with a = 600 nm, r/a = 0.2 calculated at z-coordinate in the middle of emitting
layer. Photon energies of eigenmodes are the following: ~ωA1 = 1088.3−0.705imeV, ~ωA2 = 843.9−
0.439imeV, ~ωB1 = 812 − 0.458imeV, ~ωB2 = 898.4 − 0.609imeV, ~ωupperE1 = 960.3 − 2.770imeV,
~ωlowerE1 = 916.2− 5.263imeV, ~ωupperE2 = 906.9− 0.6imeV, ~ωlowerE2 = 837.6− 0.434imeV. Colorscales
for panels (a–b) are shown on the bottom. Phase representation of electric field (c) in the upper
doublet E2 and (d) in the upper doublet E1 for the PCS with a = 600nm and r/a = 0.2. The phase
of electromagnetic oscillations is represented by color as shown on the circular color chart. Please
note that (i) the cone base lies in the polarization plane where the field oscillates; (ii) the cone
height is equal to the product of the electric field amplitude and the circular polarization degree;
(iii) the direction of the cone follows the right screw rule.
doublets have more complex symmetries. The
group theory defines symmetry of an eigenmode
by a set of characters χ which characterize the
mode transformation for each symmetry oper-
ation in the point group (see Table 1 in Ap-
pendix). By inspecting Figure 5b one can as-
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sociate each of the field distributions Ez with
a set of characters χ and, by this, determine
to which irreducible representation of the C6v
point group they belong. In Figure 4 and in
Figure 5, all 12 first-order guasiguided modes
in the Γ-point are marked in accordance with
the definitions in Table 1. Please note that the
Ez distributions in both eigenfunctions of dou-
blets are identical (bottom parts of Figures 5a
and 5b).
In addition to the intensity and Ez distribu-
tions, we present the phase distribution of elec-
tric field in the doublets E1 and E2 (Figure 5c
and 5d) where the phase of electromagnetic os-
cillations is denoted by the color. Please see the
details of this representation in Ref. 89 and in
Supporting Information. In Figure 4c one can
simultaneously see that (i) the presented field
distributions are indeed the E1 and E2 modes;
(ii) the electric vectors are not linearly polar-
ized; (iii) the field intensity has C6 rotational
symmetry; (iv) the field in the doublets E2 and
E1 has nodes and antinodes in the centers of
pores. The phase representation of the fields
for the rest of the modes is shown in Support-
ing Information. Figures 5c and 5d show only
one of two eigenfunctions of doublets E1 and
E2. The second eigenfunction of each doublet
is mirror-symmetrical to the first eigenfunction
with respect to a vertical plane passing through
the centers of two nearest pores.
Understanding the symmetry of modes has a
direct practical implication. Namely, it enables
us to predict which modes can couple to the
far field in the Γ-point. The coupling to free
space is possible when the overlap integral γ is
non-vanishing:
γ =
∫∫
cell
(
~E∗fs × ~Hmode + ~E∗mode × ~Hfs
)
dS,
(1)
where dS is the element of the unit cell, indices
fs and mode denote free-space and modal elec-
tric and magnetic fields, E and H. By ana-
lyzing the characters of irreducible representa-
tions of C6v point group (Table 1 in Appendix)
one can conclude that in the C6v symmetrical
hexagonal lattice only the doublet E1 is open
for the far-field coupling. Whereas all the sin-
glets, as well as the doublet E2 are closed. Such
modes are referred to as symmetry-protected
(SP) bound states in the continuum.44,90
Bound states in the contin-
uum
As it has been mentioned, the group theory
tells us that the number of symmetry protected
BICs in a photonic crystal slab is fixed and
is defined by the type of the photonic crystal
lattice. In the C6v symmetrical hexagonal lat-
tice, there are four singlet BICs and one dou-
blet BIC irrespective of a particular geometry
of the photonic crystal slab. By variation of ge-
ometrical parameters, one can only change the
spectral position of modes in the Γ-point. As
BICs cannot couple to the far field, they do not
have radiation losses and, hence, the imaginary
part of their frequency should be strictly zero
in structures without Ohmic losses. In prac-
tice, we always have small but inevitable radi-
ation losses caused by imperfections of geome-
try, roughness, non-periodicity, a limited num-
ber of periods in the photonic crystal slab, etc.
It results in the fact that the Q-factor of such
modes is not infinite, however, it can be very
large. Yet another reason for the suppression
of the experimental Q-factor of the BICs is that
they might be measured out of the Γ-point due
to experimental constraints. As we move away
from the Γ-point, the symmetry of the BICs is
broken and, consequently, they become visible
in the far field. This is the reason why in our
experiment we observe the peaks which can be
associated with the BIC modes.
To discuss this in more detail, we calculate
the dispersions of the emissivity and the Frobe-
nius norm of the scattering matrix in a narrow
range of photon energy and in-plane wavevector
near the modes A2 and E2 (Figures 6a and 6b).
One can see that near the Γ-point the emis-
sivity is suppressed as the modes A2 and E2
are the symmetry-protected BICs. Unlike the
emissivity, the norm of the scattering matrix
does not have similar discontinuities. Three lo-
cal maxima at each ~k‖ represent the resonant
poles; two of them degenerate in the Γ-point.
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Figure 6: (a) Calculated photon energy and wavevector dependence of (a) emissivity and (b)
Frobenius norm of the scattering matrix near the Γ-point. Color scales are shown on the right.
(c-f) Calculated Q-factor of selected resonances near Γ-point. Calculation for panels (a–f) are made
for a = 600 nm and r/a = 0.2 and effective refractive index of the layers with Ge nanoislands neff =
3.12 + 10−6i. Symmetry-protected (SP) BIC and Friedrich-Wintgen (FW) BIC are highlighted.
The Q-factor of both of them in the Γ-point
is extremely large as shown in Figures 6d and
6f. With an increase of |k‖| the degeneracy is
lifted, and the Q-factor of A2 and E2 modes de-
creases. A similar in-plane wavevector depen-
dence of the Q-factor can be observed for other
BICs, as shown in Figure 6e for the singlet B1
as an example. The Q-factor of the open dou-
blet E1 in the Γ-point is sufficiently smaller than
that of the BICs (Figure 6c). This situation is
experimentally demonstrated in Figures 2 and
4 where the peaks have different Q-factors.
One can see in Figures 6a and 6b that there
is yet another point in k-space, besides Γ,
where the emissivity is suppressed and the res-
onance has exactly vanishing width, namely
k‖ = 0.4µm−1 along the Γ-M direction. This
is a BIC of Friedrich-Wintgen type91 which is
a result of destructive interference between the
modes with similar radiation patterns in far
field.92 When two quasiguided modes pass each
other as a function of the in-plane wavevec-
tor, the interference causes an avoided cross-
ing of the resonances and for a given value of
k‖ one resonance has extremely large Q-factor
and, hence, becomes a BIC.
As the emissivity of BICs in the Γ-point is
strictly zero, it appears that the possibility to
obtain the BIC-original peaks in the PL spec-
tra depends on the Ohmic losses power and on
the solid angle from where the PL signal is col-
lected. To demonstrate this we calculate the k‖-
dependence of the peak emissivity near the sin-
glet B1 for different parameters n′′ which mod-
els the Ohmic losses93 and assumes some fixed
density of Ge nanoislands (Figure 7a). The pa-
rameter n′′ is the imaginary part of the effective
refractive index of the layer with Ge nanois-
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Figure 7: In-plane wavevector dependence of the peak emissivity calculated near (a) the singlet B1
for different imaginary parts of SiGe layer complex refractive index n′′ and (b) near the singlet B1
and doublets E1 and E2 at n′′ = 10−2. Black dashed lines in (a) and (b) denote the 6◦ light cone at
~ω = 800meV. The curves for the two modes near the doublet E1 are very similar in the displayed
range of k‖, so that only one of them is shown. Real part of the complex refractive index is fixed at
n′ = 3.12. The graphs in panels (a) and (b) should be interpreted in a manner that each point on
a curve represents the photon energy where the emissivity reaches its maximum at certain value of
k‖. Note that the scale is logarithmic in (a) and linear in (b).
lands. This parameter has definitely to be pro-
portional to the Ge nanoislands density, but it
also grows with the degree of overall disorder,
introduced into Ge layers. The estimate for our
samples is n′′ = 0.01 which we have used in
calculations of Figures 3–5. One can see that
for all n′′ the peak emissivity rises with |k‖|
reaching its maximum. With the increase of n′′
the maximal peak emissivity moves away from
the Γ-point. As a result, at n′′ = 0.01, the to-
tal emissivity within the 6◦ light cone near the
singlet B1 is smaller than that near the dark
doublet E2 or bright doublet E1, for instance
(Figure 7b). It explains why the B1 originated
peak is poorly seen in the experimental DPL
spectra unlike the other peaks (see Figure 4).
It is remarkable that as long as the absorp-
tion losses are small (n′′ 6 0.01), the maximal
peak emissivity is roughly proportional to n′′.
Hence, even at relatively high absorption (e.g.,
n′′ = 10−2), the peak PL becomes measurable
provided that the PL signal is collected away of
the Γ-point. Although, in the case of high ab-
sorption the quality factor of the resonance will
be lower. Thus, in order to obtain high Q-factor
resonance peaks one can use the advantage of
BICs in lossless PCSs.
Conclusion
In conclusion, we have demonstrated exper-
imentally that the photoluminescence of Ge
nanoislands in silicon PCS with hexagonal lat-
tice can be greatly enhanced by the symmetry-
protected bounds states in the continuum. The
peak enhancement factor reached 140 at the
resonant frequencies and the overall integrated
PL intensity was increased more by an order of
magnitude as well. In our PCS, the experimen-
tal PL peaks can be wide as well as narrow and
exhibit sometimes a fine structure. We have
theoretically simulated these spectral features
by calculating the emissivity dispersion dia-
grams using the Fourier modal method in the
scattering matrix form. On the dispersion dia-
grams, we have shown the appearance of singlet
and doublet quasiguided modes in the Γ-point.
We have classified these modes in terms of the
group theory and have shown that in the C6v
symmetrical PCS, the doublet modes can be op-
tically dark (E2) and bright (E1). We have as-
sociated the experimentally observed peaks to
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certain irreducible representations of C6v point
group. We also have shown that for the observa-
tion of BIC enhancement it is crucial to measure
the photoluminescence response collecting the
optical signal at angles close to normal. Finally,
we have theoretically demonstrated the appear-
ance of Friedrich-Wintgen BIC in our structure
as a result of the destructive interference of two
modes.
Methods
Sample fabrication
Photonic crystals were formed on structures
with self-assembled Ge nanoislands grown by
molecular beam epitaxy. An SOI wafer from
SOITEC company with a 3µm thick oxide layer
and a Si device layer thinned to 90 nm was used
as a substrate. Grown structures consist of
a 75 nm thick Si buffer layer, 5 layers of Ge
nanoislands separated by 15 nm thick Si spacer
layers, and a 75 nm thick Si cap layer. The to-
tal thickness of the structure above the buried
oxide is 300 nm. The islands were formed at
620◦C by the deposition of 7–8 monolayers of
Ge. Under these growth conditions, an array
of dome-shaped islands was formed on a sili-
con surface, with a surface density ∼1010 cm−2,
the lateral size of the islands of ∼70–80 nm and
the height before the overgrowth with the Si
cap layer of ∼14–15 nm. The choice of the
growth temperature was determined by the re-
sults of earlier studies demonstrating that the
structures with dome-shaped Ge islands formed
at around 600◦C provide the highest emission
intensity at room temperature.94 The lumines-
cence properties of the âĂĲas grownâĂİ struc-
tures were analyzed in earlier works.95
PCSs were formed by electron-beam lithogra-
phy and plasma-chemical etching. At the first
step, a PCS’s pattern was formed in a PMMA
resist using electron-beam lithography. This
pattern served as a mask during the etching of
the structure. Anisotropic etching of PCSs was
performed using ICP plasma-chemical etching
in SF6/C4F8 mixture of gases. In this work,
PCSs with a hexagonal hole lattice were stud-
ied. The PCS lattice period, a, was varied in
the range from 450 to 725 nm, and the ratio of
the hole radius to the period, r/a, amounted to
0.2 and 0.26. The etching depth was 235 nm for
r/a = 0.2 and 247 nm for r/a = 0.26. The over-
all size of the PCSs was 20×25µm, thus PCSs
contained more than 25×25 periods.
PL measurements setup
We study the light-emitting properties of PCSs
by applying two experimental techniques.
With the first technique, one can mea-
sure the luminescence response of the pho-
tonic crystal structures with high spatial res-
olution. For this, we use a standard micro-
photoluminescence (µPL) setup (Figure 8a),
where we collect the excitation light and the
detecting signals through the same microscope
objective, which provides better spatial resolu-
tion. For the microscope objective with ×50
magnification (Mitutoyo M Plan APO objec-
tive, NA=0.42), the spatial resolution amounts
to approximately 2µm with the collection an-
gles of up to ∼25◦ to normal.
To register the luminescence response at an-
gles closer to the normal, we use a different
setup, which we refer to as a directional pho-
toluminescence (DPL) setup (Figure 8b). The
PL signal is excited by a laser beam with 60◦
incidence. A Mitutoyo M Plan APO objective
with ×10 magnification focuses the laser beam
on a spot with a diameter of ∼10µm. The PL
signal is collected by the Nikon 50mm f/1.4D
AF Nikkor objective, which is located at the fo-
cal distance from the sample surface. In such a
geometry, one can consider an emitted area as
a point source. Accordingly, one can regard the
light beam formed by the objective as parallel.
The parallelism of the light beam enables us to
use a diaphragm for collecting PL signals within
small solid angles in the selected directions. We
conduct PL measurements at the position of a
diaphragm in the center of a parallel beam that
corresponds to the maximal collection angle of
∼6◦ to normal.
We carry out all PL measurements at room
temperature. The luminescence signal was
excited by a solid-state CW laser emitting
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Figure 8: Schematics of (a) the microphotoliminescence (µPL) setup and (b) directional photolu-
minescence (DPL) setup.
at the wavelength of 532 nm (laser module
LSR532NL-400). To detect the PL signal,
we use a high-resolution Fourier spectrometer
(Bruker IFS 125 HR) and a nitrogen-cooled Ge
photodetector. The spectral resolution in both
experimental schemes can reach 0.05 cm−1.
Theoretical method
To theoretically study the optical behavior of
the photonic crystal slab with Ge nanoislands,
we use a Fourier modal method (FMM) in the
scattering matrix form,85 also known as rigor-
ous coupled-wave analysis (RCWA).96 In the
Fourier decomposition of electromagnetic fields,
to preserve the C6v symmetry of the structure,
we choose a C6-symmetrical set of Fourier har-
monics in the reciprocal space. The total num-
ber of harmonics is chosen to be Ng = 199
that ensures the convergence of our numerical
scheme. As a result, we construct the 4Ng×4Ng
dimensional scattering matrix S(ω,~k‖) which
contains full optical information of our photonic
crystal slab. Here ω and ~k‖ denote the fre-
quency of electromagnetic oscillations and in-
plane wavevector respectively.
We model the photoluminescence of Ge
nanoislands by the radiation of chaotically ori-
ented oscillating electric dipoles which is a good
approximation of emitting molecules or quan-
tum dots. To calculate the emissivity spectra of
oscillating dipoles, we use the electrodynamic
reciprocity principle. According to this princi-
ple the currents of two different dipoles ~j1,2 and
their electric fields ~E1,2 at the positions of the
other dipole are connected as ~j1 ~E2 = ~j2 ~E1. As
a result, the problem of simulation of emissivity
Ii(ω,~k‖) of i-th dipole at the frequency ω and
wavevector ~k‖ is reduced to the calculation of
the electric near-field of a plane wave with the
same ω and ~k‖ at the position of this dipole ~ri.
The overall emissivity is found as a sum over
the entire set of dipoles:
I(ω,~k‖) =
∑
i
Ii(ω,~k‖) = (2)∑
i
| ~E(ω,~k‖, ~ri)|2, (3)
where the subscript i denotes the i-th dipole’s
current. We also average the emission over
the polarization states distributed randomly be-
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tween the following polarization vectors:
~p1 = [1, 0] (4)
~p2 = [−1/2,−
√
3/2] (5)
~p3 = [−1/2,
√
3/2] (6)
Such set of polarization vectors preserves the
C6v rotational symmetry of the photonic crystal
slab.
Please note that in this work we simulate the
emissivity rather than a full photoluminescence
response. The latter should include a non-
homogeneous spatial excitation profile97 which
we omit here as we are focused on explaining
the nature and symmetry of the resonances.
The eigenmodes of the photonic crystal slab
are calculated by finding the poles of the scat-
tering matrix.98 The corresponding eigenvalue
problem can be written as
S−1(ω,~k‖) |O〉res = |0〉 , (7)
where, |O〉res is the resonance output vector in
the scattering matrix formalism (see Refs. [ 85,
98] for details). We solve the problem (7) by
the generalized Newton’s method by means of
linearization of the inverse scattering matrix in
the complex frequency domain.98
In FMM calculations, we describe the layer
with Ge nanoislands by an effective refractive
index neff = n′ + n′′i = 3.12+0.01i unless oth-
erwise is stated. Dielectric permittivities of Si
and SiO2 are taken from Ref. [ 99]. In this work
we use the convection exp(−iωt) for temporal
dependencies of fields. In this convention pho-
ton energies of eigenmodes have negative imag-
inary parts.
Character table
To describe the symmetry of structure eigen-
modes, we use the notations from the group
theory where the symmetry is defined as a set
of characters. For singlets the characters are
defined from
RˆEz = χ(Rˆ)Ez, (8)
and for doublets
RˆE1z = χ11E1z + χ12E2z, (9)
RˆE2z = χ21E1z + χ22E2z, (10)
χ(Rˆ) = χ11 + χ22, (11)
where Rˆ denotes a symmetry operation in a
point group. The table of characters for C6v
point group is presented in Table 1.
Table 1: Character table for C6v point group.
E 2C6 2C3 C2 3σy 3σx
A1 1 1 1 1 1 1
A2 1 1 1 1 -1 -1
B1 1 -1 1 -1 1 -1
B2 1 -1 1 -1 -1 1
E1 2 1 -1 -2 0 0
E2 2 -1 -1 2 0 0
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